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Virtual photons have proven to be very efficient probes of the hadronic structure, mostly through
deep inelastic scattering and related processes. The advent of high luminosity lepton beams has
allowed to enlarge the studied processes to hard exclusive reactions, such as deeply virtual Compton
scattering and the electroproduction of mesons. We discuss theoretical progress which has lately
been quite remarkable in this domain and first much encouraging experimental data.
I. NEW FACTORIZATIONS
A considerable amount of theoretical and experimental
work is currently being devoted to the study of exclusive
reactions with a large scale often provided by the virtual-
ity of an incoming photon [1], [2]. Much of it is born out
from the introduction of generalized parton distributions
[3], which are defined as Fourier transforms of matrix el-
ements of non-local operators on the light-cone between
different hadron states, such as (here and below, we omit
the color indices and the Wilson lines which are required
by the QCD-gauge invariance):
〈N ′(p′, s′)|ψ¯(λn)(γ · n)ψ(0)|N(p, s)〉 . (1)
Their crossed version,the generalized distribution ampli-
tudes (GDA) [4] describe the exclusive hadronization of
a qq¯ or gg pair in a pair of hadrons, a pair of π mesons for
instance. These GDAs are defined in the quark-antiquark
case, as Fourier transforms of matrix elements such as
〈π(p′)π(p)|ψ¯(λn)(γ · n)ψ(0)|0)〉 (2)
being a nontrivial function of W 2, the squared energy
of the ππ system, W 2 = (p + p′)2. They are the non
perturbative parts which enter in a factorized way in the
amplitudes of the light cone dominated processes
γ∗γ → ππ ,
which may be measured in electron positron colliders of
high luminosity and
γ∗N → ππN ′ ,
which is currently explored at HERMES, Compass and
JLab. The GDAs take into account the final state inter-
actions of the meson pair. Their phases are related to
the phases of ππ scattering amplitudes, and thus contain
information on the resonances which may decay in this
channel.
The measurements of GPDs and GDAs are expected
to yield important contributions to our understanding of
how quarks and gluons assemble themselves into hadrons.
A new scaling regime has also been studied [5] in the
case of nucleon - anti-nucleon annihilation into a lepton
pair of virtuality Q and a meson,
p¯N → γ∗π
in the forward (or backward) kinematics, where |t| <<
Q2 ∼ s (or |u| << Q2 ∼ s) . In this kinematical region
the leading twist amplitude factorizes into an antiproton
distribution amplitude, a short-distance matrix element
related to nucleon form factor and a long-distance dom-
inated transition distribution amplitudes (TDA) which
describe the nucleon to meson transition. This TDA is
defined from the matrix elements of non-local operator
built from three quark fields on the light-cone
〈π|ψα(z1n)ψ
β(z2n)ψ
γ(z3n) |p〉. (3)
The same TDAs appear in the description of exclusive
channels associated with charmonium production
p¯N → J/ψ π ,
and in the backward electroproduction of a meson
γ∗N → N ′π ,
which is being studied at Jlab and Hermes.
The p¯N → γ∗π amplitude at small momentum trans-
fer is then proportional to the TDAs T (xi, ξ, t), where xi
(i=1,2,3) denote the light cone momentum fractions car-
ried by participant quarks, the sum of which is related
to the skewedness parameter ξ = x1+x2+x3
2
connected to
the external variables Q2 and the squared center of mass
energy W 2 by
ξ ≈
Q2
2W 2 −Q2
(4)
in the generalized Bjorken limit. The scattering ampli-
tude reads schematically
∫
dxdyφ(yi, Q
2)TH(xi, yi, Q
2)T (xi, ξ, t, Q
2) , (5)
where φ(yi, Q
2) is the antiproton distribution amplitude
and TH the hard scattering amplitude, calculated in the
colinear approximation.
2II. HADRON TOMOGRAPHY
A very interesting peculiar feature of these non-forward
matrix elements is the fact that they open an access
to the transverse localization of quarks and gluons in
hadrons. The case of GPDs has been the subject of
intense investigation [6]. Indeed, apart from the longi-
tudinal momentum fraction variables, GPDs also depend
on the momentum transfer t = ∆2 between the initial
and final hadrons (∆ = pπ − pp). Fourier transform of
GPDs with respect to the transverse of ∆, ∆T , leads to
the definition of an impact parameter representation of
the GPD ∫
d2~∆T
4π2
e−i
~∆T .~bTH(x, ξ, t) (6)
which contains information on the transverse position of
quarks and gluons in the hadron. Real-space images of
the target in the transverse plane can thus be obtained,
with a spatial resolution of the order 1/Q, determined
by the virtuality of the incoming photon. Let us recall
that the longitudinal size of the target is squeezed by
the Lorentz contraction factor so that the longitudinal
position of quarks remains unresolved.
Similar arguments can be developed for theW 2 depen-
dence of the GDAs and the t− dependence of TDAs [7].
A Fourier transform of their 2−dimensional transverse
momentum behavior leads to a transverse impact coor-
dinate ~bT representation. Let us stress the complemen-
tarity of the information encoded in the impact param-
eter representations of GPDs and TDAs. In the ERBL
region (where the quark and antiquark emerge from the
hadronic blob), the proton GPDs map out the transverse
localization of q¯q pairs of typical transverse size of or-
der 1/Q. On the other hand, in the ERBL region of the
proton to pion transition (defined there by the fact that
three quarks emerge from the hadronic blob) TDAs map
out the localization of a qqq triplet of typical transverse
size of order 1/Q in a proton, the remnants of which
emerge as a π meson.
III. WHERE IS ASYMPTOPIA ?
Data presented at this conference [8] and elsewhere [9]
show that nature is kind with us in the sense that early
scaling seems to be the dominant feature of dVCS ex-
periments. This is particularly exemplified through the
harmonic analysis of the azymuthal dependence, which
is a specific feature of the interference of the dVCS am-
plitude with the Bethe-Heitler process [10]. The same
trend appears also in the analysis of the Q2 dependence
of the reactions described with generalized distribution
amplitudes [11] although more precise data are obviously
required, which should be possible in high luminosity B
factories.
The analysis of meson electroproduction data in terms
of leading twist contributions is more dubious. Next to
leading order calculations are now performed [12] and dif-
ferent optimization procedures are being discussed [13].
Various strategies for extracting the generalized parton
distributions from the data have been put forward [14]
but more work is required before one can draw any firm
conclusion.
IV. EXOTIC HADRONS
Hard production of hybrid mesons which go beyond
the quark model description of hadrons but are predicted
to exist by most QCD inspired models has seemed to
be a challenge, since such exotic particles were generally
believed to have a vanishing leading twist distribution
amplitude (DA). We demonstrated recently [15] that the
non local nature of the quark correlators defining a DA
was in fact allowing both: non-exotic JPC = 1−− val-
ues as in the case of ρ-meson, as well as exotic values
JPC = 1−+ corresponding to a hybrid meson, i.e. one
which involves quark and gluon constituents. Moreover,
a relation between the energy-momentum tensor and a
moment of this DA allowed us to derive the magnitude
of the leading twist DA of a JPC = 1−+ exotic vector
meson. Electroproduction cross sections estimates then
turn out to be not small in comparison with those of
usual mesons. We thus believe that precise data at JLab
or Compass should be able to reveal the properties of
these exotic mesons.
On the other hand, tetraquarks states which have been
much discussed recently with respect to heavy resonances
may have quantum numbers incompatible with leading
twist distribution amplitudes. This is the case for isoten-
sor states (since q¯q or gg states can only be isosinglet
or isotriplet) which then may be revealed [16] by the
presence of a twist 4 component in the amplitude of the
γ∗γ → ρρ LEP data with the Q2 behaviour of the ratio
dσ(γ∗γ → ρ0ρ0)
dσ(γ∗γ → ρ+ρ−)
as a specific signature . Confirmation of such an analysis
requires to detect charged isopartners of these states.
V. QED GAUGE INVARIANCE AND
FACTORIZATION
The gauge invariance property of QED leads to con-
sider factorization properties with some care when real
photons appear in the final state of the reaction. This is
particularly obvious when one tries to define [18] gener-
alized parton distributions in a real photon. Considering
indeed the six diagrams which contribute at Born order
to the deeply virtual Compton scattering amplitude on a
photon target
γ∗γ → γγ
3one sees that they all contribute at the same order and
that they are all needed to ensure ultraviolet convergence
of the amplitude. This superficially looks inconsistent
with the factorization property and the dominance of
handbag diagrams. A proper understanding of the mean-
ing of factorization in that anomalous case requires to
consider properly renormalization scale dependence and
a judicious factorization scale choice.
The factorization of the virtual Compton scattering
amplitude on a nucleon requires also some care to prop-
erly insure QED gauge invariance [17]. Indeed, the twist
expansion of the amplitude is not trivial for non strictly
forward kinematics in the sense that a QED gauge in-
variant expression requires to include the contributions
from both leading twist quark correlators and twist 3
quark-gluon correlators :
〈N ′(p′, s′)|ψ¯(λn)(γ · n) gAρ ψ(0)|N(p, s)〉 . (7)
Although the contribution to the scattering amplitude of
these new generalized parton distributions is proportion-
nal to the transverse momentum of the outgoing hadron,
a consistent calculation cannot arbitrarily put them to
zero. Thus, the apparent simplicity of the dVCS pro-
cess as compared to the meson electroproduction case is
blurred by the gauge nature of the photon.
The picture looks even worse when we go to the case
of backward kinematics, where hadron to photon TDAs
describe the factorized soft part of the scattering ampli-
tude. The exemplary case of dVCS on a meson is worth
a detailed study. If one insists on a gauge invariant de-
scription of the process, one should separate a ”structure
dependent” contribution from an ”inner bremsstrahlung”
process, as in the much studied case of the radiative
weak decay of the π+ meson (π+ → e+νγ). The struc-
ture dependent term may be factorized with the help of
π+ → γ TDAs, but the ”inner bremsstrahlung” contribu-
tions where the real photon is emitted from the initial or
final meson must be calculated in a consistent hadronic
model (eventually including seagull terms) without sep-
arating a short distance subprocess from long distance
matrix elements [19].
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